Abstract: Lymnaea stagnalis is an intermediate host of many Digenea. The infestation affects host metabolism. The aim of the work was to investigate hemolymph biochemical indicators of L. stagnalis infected with four species of trematodes: Diplostomum pseudospathaceum, Paryphostomum radiatum, Plagiorchis elegans or Opisthioglyphe ranae. The protein profiles and proteinase activity in the hemolymph of sexually mature individuals of Lymnaea stagnalis maintained at 19 • C were tested. As the carbohydrates are main substrates for energetic metabolism of the great pond snail their content and disaccharidase activity were also studied. Hemolymph samples were collected during weeks 3 and 4 of rearing. No significant differences in the total protein content between uninfected individuals and snails infected with the first three trematode species were detected. In the snails infected with O. ranae the quantity of total proteins was near twice higher than in those uninfected. A higher share of 70 kDa proteins in infected than in uninfected snails as well as reduction of the low molecular weight fractions of proteins for snails infected with D. pseudospathaceum and P. radiatum were detected. During week 3, carbohydrate content in the infected snails did not differ from that in the controls while during week 4 it was significantly lower in snails infected with P. elegans or O. ranae. The content of the major soluble carbohydrate in the hemolymphsaccharose -changed in a similar way. No activity of trypsin or pepsin in the hemolymph sample was detected while the activity of chymotrypsin was lower in infected snails vs. controls. On the other hand, saccharase and maltase activities were higher in infected than in uninfected snails. The biochemical hemolymph indicators in naturally infected host-snails show some differences depending on the parasite species but they are not sufficiently species-specific to offer the basis for establishing the model unique for a particular parasitosis. Our results from the field did not always coincide with those from the laboratory.
Introduction
The great pond snail Lymnaea stagnalis (L., 1758) is a common freshwater snail found in Poland. It plays a key role in the life cycle of many digenean trematodes species as an intermediate host. The studies conducted in Central Europe in [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] showed that 26.3% of collected L. stagnalis individuals were infected with 24 species of trematodes (Faltýnková et al. 2008) . In central and northern Poland the prevalence was within 23-65%, with Diplostomum pseudospathaceum Niewiadomska, 1984 , Echinoparyphium aconiatum Dietz, 1909 , Plagiorchis elegans (Rudolphi, 1802 and Opisthioglyphe ranae (Frölich, 1791) as the dominating species (Żbikowska 2007) .
Fertility disorders and somatic gigantism are the changes most often observed in snails infected with Digenea larvae. In extreme cases the infection leads to parasitic castration. Somatic gigantism may be a consequence of parasitic castration, a result of the parasite influence on the neurosecretion centres controlling the overall growth processes, leading to the intensification of rate of general metabolism (Pokora 1990 ). Humiczewska & Rajski (2005) studying the infection of Lymnaea truncatula O.F. Müller, 1774 with Fasciola hepatica L., 1758 noticed that, during the initial period of the infection the intensity of host energetic metabolism grew probably due to larger cost to maintain homeostasis (named by the authors "the effect of metabolic compensation"). In the later phase of disease the rate of metabolism decreased with the increase of the degenerative changes in the host's digestive gland caused by parasites' larvae. Changes in snail metabolism induced by infection are reflected in its hemolymph composition. Hypoproteinemia, i.e., the decrease in amino acid concentration, a decrease in the contents of carotenoids and some ions as well as an increase of urea concentration in the hemolymph c 2013 Institute of Zoology, Slovak Academy of Sciences are the result of nitrogen compounds transformations in infected snails (Pokora 1990; Tunholi et al. 2011) . Mechanisms by which trematodes interfere with host behaviour, physiology and metabolism have been intensively studied in the case of schistosome and its intermediate snail hosts (Jong-Brink & Koene 2005; Humphries 2011 ). Upon infestation, synthesis and secretion of various neuropeptides that control growth and reproduction directly (e.g., insulin-like hormone, the caudodorsal cells hormone, or indirectly, e.g., neuropeptide Y, schistosomin, FMRamide-like peptides) are regulated in the neuroendocrine cells of the central nervous system (CNS) of infected snails (Sluiters & Geraerts 1984; Jong-Brink et al. 1991; Li & Geraerts 1992; Jong-Bring et al 1999; Hoek et al. 2005 ). These works suggest that similar consequences should be expected in the case of infection with other trematodes. A number of these hormones regulate the metabolism of carbohydrates, which is of primary importance for snail energy budget (Veldhuijzen & Cuperus 1975; Humphries 2011) . Therefore, we have examined the content of carbohydrates and proteins, and the activity of some hydrolytic enzymes in the hemolymph of L. stagnalis infected with four species of digenean larvae. The enzymes were selected due to their release from the digestive gland as an effect of parasitic damages and the limited diet of snails in the conditions of our experiment. Protease activity in the hemolymph may be a measure of the release of these enzymes and of extracellular processes of proteolysis. The diet influences the hemolymph composition of freshwater snails. Veldhuijzen (1974) stated that the amount of glucose in L. stagnalis reared on lettuce leaves was almost constant (15 µg ml −1 ). Disaccharidases that decompose carbohydrates into glucose may contribute to the maintenance of such constant glucose levels
The majority of studies on the biochemical relations in the snail-digenean systems were conducted on selected genetic lines of both the hosts and the parasites. This approach leads to greater infection development control, but the experimental conditions may differ significantly from natural conditions and may therefore limit our understanding of natural patterns. That is why we chose to work on the hemolymph from great pond snails naturally infected with four species of digenean trematodes.
Material and methods
The material consisted of hemolymph of sexually mature L. stagnalis individuals with shell height of 35-58 mm and width of 15-25 mm. The animals originated from two reservoirs: those infected with P. elegans from Lake Czarne near W loc lawek (52
• 37 46 N, 19
• 12 35 E) and those infected with P. radiatum, D. pseudospathaceum and O. ranae as well as the not infected ones from Lake G luchowskie near Che lmża (53
• 12 28 N, 18
• 34 35 E). All snails were collected during autumn 2006.
The snails were reared in the laboratory at 19
• C. To balance possible differences resulting from the place of origin, they were initially kept individually for three weeks in flasks with tap water replaced twice a week and fed on fresh lettuce leaves. The presence of parasites in snails was determined by non-invasive method by placing a snail in a small amount of tap water under a light source for 2-24 h (Żbikowska 2007). In such conditions, cercariae left their host. Digenean species were identified on the basis of morphological features, according to Nasincova (1992) and Niewiadomska et al. (1997) . The parasite-free individuals were named controls (n = 7); the others were divided into four groups (n = 7 each), according to the parasite species diagnosed. Following acclimation of 21 days the first hemolymph sample was collected by applying the noninvasive method (Żbikowska 2006) , and then after following 7 days another hemolymph sample was collected from the same individuals. Hemolymph samples were centrifuged at 5 000 × g for 10 min at 4
• C. The samples thus freed from cellular debris were frozen and maintained at −80
• C until analysis.
Protein content
Protein content was determined by the spectrophotometric method at 280 nm wavelength (Aitken & Learmonth 1996) . The result obtained was expressed as mg of protein contained in ml of hemolymph.
SDS-PAGE electrophoresis
The electrophoretic separation of hemolymph proteins was conducted under denaturing conditions in a non-continuous system in 15% separating gel according to Laemmli (1970) . The gels were stained with Colloidal Coomassie Blue G 250. KTE Gelscan software (Kucharczyk, Poland) was used for gel analysis.
Total carbohydrate content determination
The concentration of carbohydrates in the hemolymph was examined by means of the colorimetric anthrone method (after K lyszejko-Stefanowicz 2003) . Hemolymph was diluted 10-times. The results were converted to the number of mg contained in ml of hemolymph.
Determination of soluble carbohydrates by means of high performance liquid chromatography (HPLC) Subsamples of 200 µl of hemolymph were taken for analysis, performed according to Dmitryjuk et al. (2009) . Carbohydrate chromatography was carried out in a SCL-10A chromatograph equipped with a RID-10A refractometric detector (Shimadzu), on a 250 × 4.6 mm High-Performance Carbohydrate cartridge column, at 55
• C. The mobile phase was a 75:25 mixture of acetonitril-deionised water (1.0 ml min −1 flow rate). The data were processed with the Chromax 2005 software (POL-LAB, Warszawa, Poland). The results were converted to the number of µmoles of carbohydrate contained in 1 ml of hemolymph.
Determination of maltase (EC3.2.1.20), cellobiase (EC 3.2.1.21) and saccharase (EC 3.2.1.26) activity Activity of enzymes was determined according to the methodology by Dahlqvist (1968) . The method is based on the measurement of glucose released by the enzymes from the substrates specific to them: maltose, cellobiose or saccharose. The samples contained: 25 µl of hemolymph, 0.375 ml 0.2 M phosphate buffer with pH 7.4, 100 µl 0.5 mM of appropriate solution substrate for determination of activity of each enzyme. The incubation was conducted at 37
• C for 2 h. Glucose was measured through the enzymatic method according to the manufacturer's instructions (Cormay, Lublin, Poland). The activity was expressed as µmoles of glucose ml −1 of hemolymph. Explanations: *week of incubation, **the percentage of particular fraction in the total proteins content, * * * total number of protein fractions in the hemolymph.
Determination of chymotrypsin-like (EC 3.4.21.1), trypsinlike (EC 3.4.21.4) and pepsin-like (EC 3.4.23.1) activities Proteolytic activity of hemolymph was tested using synthetic peptides. For determination of chymotrypsin activity succinyl-L-phenylalanine 4-nitroanilide (Suc-Phe-4-NA) was used (Geiger 1984) , benzoyl-DL-arginine-4-nitroanilide was used for trypsin (Geiger & Fritz 1984) and acetyl-DLphenylalanyl-3,5-L-diiodotyrosine-4-nitoranilide for pepsin as substrates (Ryle 1984) . The activity of enzymes was expressed as µmoles of products released by the enzymes contained in 1 ml of hemolymph.
Statistical analysis
The results were subjected to statistical analysis using the Statistica 8 software (StatSoft Inc., Tulsa, Oklahoma, USA). Statistically significant differences (P ≤ 0.05) were detected with an ANOVA analysis followed by Tukey tests.
Results
A common occurrence of mature cercariae, typically O. ranae or P. elegans, with immature furcocercariae or echinocercariae of other species were observed in approximately 1% of the tested snail population. The cooccurrence of digenean larvae and Chaetogaster limnaei was also noted in around 15% of L. stagnalis from Lake Czarne. These snails were excluded from the study. Protein content in the hemolymph of control snails and in the majority of infected ones did not differ, except for snails infected with cercariae of O. ranae, for which hemolymph proteins were significantly higher than for controls (P = 0.02346 and P = 0.01866 for the 3 rd and 4 th week) (Fig. 1) . The protein level decreased slightly in all groups during the period between week 3 and week 4 of the experiment. Larger changes were observed in the composition of proteins in the hemolymph (Table 1) , especially for hemolymph from week 4 when no protein fractions with mass higher than 60 kDa were observed in controls. On the other hand, in the hemolymph of infected snails many more proteins with molecular weight exceeding 70 kDa were detected than during week 3. The trend of reducing the number of pro- Table 1. tein fractions was also visible during rearing. For snails infected with D. pseudospathaceum or P. radiatum the low mass weight fraction disappeared altogether in week 4 ( Table 1 ). The snails infected with O. ranae had not only a higher total protein content in the hemolymph but also their electropherogram differed markedly from the image for the other infected snails. After separation only 2 fractions of proteins with higher molecular weights (60-70 kDa) were visible, while in those infected with, e.g., D. pseudospathaceum there were as many as 10 of them (Fig. 2B vs. 2C) .
No activity of pepsin and trypsin was found in the hemolymph of snails. The activity of chymotrypsin was generally low, varying in 3th week from 0.09 ± 0.01 µmol ml −1 in snails infected with O. ranae to 1.56 ± 0.68 µmol ml −1 in control snails (Fig. 3) . It is noteworthy that during week 3 the chymotripsin showed significantly higher activity in uninfected than infected snails (P = 0.00613, P = 0.00134, P = 0.01568 and P = 0.02762 for O. ranae, P. elegans, P. radiatum and D. pseudospathaceum, respectively). In all groups with the exception of snails infected with P. radiatum the enzyme activity in week 4 samples was significantly lower than in week 3.
The total content of carbohydrates in the hemolymph was influenced by sampling time and parasite species. Carbohydrate content was significantly lower in week 4 in snails infected with O. ranae and P. elegans than in the other groups (Fig. 4A) . The carbohydrate content in control snails (P = 0.03623) and in snails infected with D. pseudosphataceum was significantly higher (P = 0.03189) during week 4 than during week 3 (Fig. 4A) .
HPLC analysis of soluble carbohydrates in the hemolymph of L. stagnalis showed that saccharose was the main carbohydrate. In the 3 rd week it represented a significant part of the total pool of carbohydrates varying from 38.6% in snails infected with P. radiatum and D. pseudospathaceum to 91.5% in those infected with O. ranae. In the majority of cases saccharose was the sole detectable soluble carbohydrate in the hemolymph. Only in the individual samples maltose or/and glucose were additionally present (data not shown). The saccharose content in control snails was similar in the hemolymph from week 3 and week 4 of the experiment. During that time the saccharose content in the hemolymph of snails infected with D. pseudospathaceum and P. radiatum increased but the differences were not significant as a consequence of the high standard deviation value. On the other hand a significant decrease in saccharose content was recorded at week 4 for snails infected with O. ranae (P = 0.00374) and P. elegans (P = 0.00357) (Fig. 4B) .
Among the disaccharidases studied, saccharase (Fig. 5A ) had the highest activity followed by maltase (Fig. 5B) while the cellobiase showed the lowest activity (Fig. 5C ). This was particularly evident in snails infected with D. pseudospathaceum (Fig. 5A vs 5B and 5C). The activity of saccharase and maltase was the lowest in control snails during week 3 (Figs 5A, B) . In snails infected with O. ranae the relatively high maltase activities during week 3 decreased significantly (P = 0.00014) during week 4 (Figs 5B, C) . A similar decreasing trend was observed for cellobiase in the snails infected withP. elegans (P = 0.00159), while cellobiase in snails infected with P. radiatum increased significantly (P = 0.01119) in time (Fig. 5C ).
Discussion
The results obtained showed that different species of trematodes may induce different changes in biochemical hemolymph indicators in the same host species of snail. This diversification may result from different adaptation levels in the host-parasite system (Żbikowska 2011).Żbikowska (2006) analyzed the shell calcification status in the great pond snails infected with D. pseudospathaceum, E. aconiatum and P. elegans, and suggested an influence of trematode species dependent on the snail's metabolism. Results obtained in this study partly confirm that hypothesis. No significant changes were found for the total protein level in the hemolymph of snails infected with D. pseudospathaceum, P. elegans and P. radiatum, but in the case of infection with O. ranae the content of protein in the hemolymph was twice that found in the other snails tested. Additionally the pattern of protein fractions in snails infected with this trematode was markedly different from the others. The results obtained by other researchers concerning the level of protein in snails infected with trematode larvae are ambiguous. During the experimental fascioliasis in Lymnaea tomentosa (Pfeiffer, 1855) concentration of total protein in the hemolymph increased (Guttowa & Grabiec 1984) , but it decreased for Lymnaea natalensis Krauss, 1848 infected with Fasciola gigantica Cobbold, 1855 and in L. columella Say, 1817 infected with Echinostoma paraensei Lie et Basch, 1967 as well as Biomphalaria glabrata Say, 1818 infected with Schistosoma mansoni Sambon, 1907 and E. paraensei (Gress & Cheng 1973; Mostafa 2002; Pinheiro et al. 2009; Tunholi et al. 2011) . On the other hand, Zelck et al. (1995) did not detect significant differences in the protein content for B. glabrata infected with E. paraensei. Pokora (1990) observed that the protein level in the hemolymph of snails is subject to fluctuations resulting from the metabolic demand of parasite larvae, and protein synthesis intensification depends on the host's physiological state. The diet and many environmental factors such as temperature, oxygenation of water, heavy metals and pesticides also influence the hemolymph composition of freshwater snails. Infection with other pathogens may also change protein content of hemolymph. The complexity and variability of the above factors may explain the highly diversified results from studies concerning even the same parasite-host system.
Electrophoretic analysis of proteins of B. glabrata infected with S. mansoni and E. paraensei showed no qualitative differences when compared to uninfected snails (Loker & Hertel 1987; Rupprecht et al. 1989) . We found more protein fractions in the hemolymph of infected snails during week 3 than during week 4. The opposite trend was observed in case of control individuals. We suppose that these are proteins classified as heat shock proteins (HSP) synthesized by the host in the response to infection-related stress (Vergote et al. 2005; Saboor-Yaraghi et al. 2011) .
The activity of chymotrypsin in the hemolymph of L. stagnalis was generally low. This is not surprising, because its activity in the extracts from intact snail bodies was also low (0.96 µmol g −1 tissues) (Kuzmina & Ushakova 2007) . Lower enzyme activity in infected than in uninfected snails may be a result of parasiteproduced proteinase inhibitors (Knox 2007) . It is known that helminths use such serine protease inhibitors in order to protect themselves from proteolysis by host enzymes (Knox 2007; Hwang et al. 2009 ).
According to the reports by other researchers we expected a decreased level of carbohydrates in the hemolymph of infected snails as compared to uninfected ones (after El-Ansary 2003; Jarusiewicz et al. 2006; Mello-Silva et al. 2010) . We obtained such a result but only during week 4 for the snails infected with O. ranae or P. elegans. No complete data on the composition of L. stagnalis hemolymph was found in the literature. Our studies showed that saccharose was the main soluble carbohydrate of hemolymph of the great pond snail. That result was at odds with Karanova's (2006) observation that seasonal changes in reducing carbohydrates in the body liquids of L. stagnalis included high content of fructose and glucose during summer. Glucose, maltose, trehalose or raffinose are hemolymph carbohydrates of other snail species (Conaway et al. 1995; Marsit et al. 2000; Jarusiewicz et al. 2006) . Muller et al. (1999) detected presence of saccharose in the water in which B. glabrata, Helisoma trivolvis (Say, 1817) or L. elodes were previously kept, which might be the confirmation of its presence and synthesis in snails. Karanova (2006) detected reducing disaccharides during the period preceding L. stagnalis hypobiosis that were absent during the summer. The pattern may be similar for saccharose, that Karanova (2006) did not determine for procedural reasons. The snails for our experiments were picked during the autumn. Saccharose as a nonreducing carbohydrate can be accumulated safely, as it is known as a good cryoprotectant. Its presence at higher concentrations in the hemolymph might be particularly beneficial to the snails during the winter season. The content of saccharose in the hemolymph depends on its decomposition and synthesis. Saccharose content remained stable in control and in most infected snails, except for snails infected with O. ranae and P. elegans during week 4. It can be assumed that during that time a collapse of the balance between the reactions of saccharose synthesis and decomposition occurred. Synthesis processes requiring energy expense were probably slowed down while saccharase activity remained almost constant, leading to a significant decrease in saccharose content in L. stagnalis hemolymph. However, our hypothesis remains to be tested.
Glucose resulting from enzymatic decomposition of carbohydrates may be taken up by the parasites. The cercariae of S. mansoni and Glypthelminus pensylvaniensis Cheng 1961 as well as rediae of Cryptocotyle lingua (Creplin, 1825) and Parorchis acanthus (Nicoll, 1907) absorbed glucose from tissues of snails (Cheng & Cooperman 1964; Cheng & Lee 1971) . Glucose in the hemolymph of B. glabrata was exhausted within three weeks after infection with S. mansoni (Cheng & Lee 1971) . It was established that during the patent state the level of glucose in infected snails was half that for uninfected individuals. This might be result not only of glucose consumption but also of the consequence of the disturbance of snail carbohydrate metabolism by the parasite, which influences the host's hormonal status (Jong-Brink et al. 1991 , 1999 El-Ansary 2003) . This might be the explanation for the absence or a very low level (below the method sensitivity threshold) of glucose in the hemolymph of our infected snails.
Data on the activity of disaccharidases in the hemolymph of L. stagnalis were not found in the literature. However, activity of cellobiase and maltase was detected in the hemolymph of B. glabrata (Zelck et al. 1996) . In contrast with Zelck et al. (1996) findings, we found a much higher activity of cellobiase than of maltase. The cellobiase detected in the hemolymph may originate from the snail digestive system, where the activity of that enzyme is important in the digestion of nutritive cellulose (Umezurike 1976; Brendelberger 1997) . The only known function of glycosidases in gastropods is digestive. It is assumed that glycosidases contribute to the catabolism of glycoconjugates, but their involvement in defensive reactions against pathogens and parasites is possible (Zelck et al. 1996) . That hypothesis may explain the highly diversified levels of disaccharidase activity found in our study: enzyme activity was higher in infected than uninfected snails. Zelck (1999) observed a correlation between glycosidases activity in the hemolymph of snails naturally infected with trematodes and their resistance to parasite invasion. In particular, the activity of glycosidases was significantly higher in the hemolymph of resistant individuals than in snails susceptible to the infection. Such a pattern confirms indirectly the participation of glycosidases in the defensive reactions of snails.
Although L. stagnalis is a compatible intermediate host for all studied parasites we observed some differences in their impact on biochemical parameters. Changes in such parameters were greater in snails infected with trematodes from the family Telorchiidae and Plagiorchiidae than from Diplostomatidae and Echinostomatidae. The largest number of significant infected-vs.-control differences was observed for the snails infected with O. ranae. Differences between infected and control parameters decreased progressively for D. pseudospathacecum, P. elegans, and finally P. radiatum.
We expected more harmful effects of redia-born P. radiatum than others. The only significant infected-vs.-control differences obtained for this parasite-host system were for total carbohydrate content and for chymotrypsin activity in week 4. This pattern may be explained by the patent period of the infection, when the host tissues damaged by redia are masked by the later process of cercariae forming and release.
Our results do not allow the establishment of a unique model of changes for all hemolymph parameters in snails infected with the four individual parasite species. The largest number of differences in comparison to the controls and to the other species was observed in snails infected with O. ranae. Those included: significantly higher protein content in both time periods, and in week 4 lower general content of carbohydrates and saccharose as compared to the controls and snails infected with D. pseudospathaceum or P. radiatum, as well as lower activity of disaccharidases. That is why we considered the invasion with both parasites very harmful. In snails infected with P. elegans, changes similar to the above were limited to the content of carbohydrates during week 4, while snails infected with P. radiatum differed from the others by the higher chymotrypsin and cellobiase activity during week 4. Despite the unclear patterns, we have demonstrated that biochemical hemolymph indicators for snails naturally infected with trematodes are variable and specific for the parasite species and the results may not coincide with those obtained under laboratory conditions.
We are aware of the limitations resulting from research conducted on snails collected in the field. A major limitation may be that the age of individual snails can only be assumed indirectly on the basis of the shell size. In fact, Zotin (2010) showed that L. stagnalis metabolism changes with age. The duration of the infection also is difficult to define precisely. However, we believe that the great majority of the research on this topic illustrates adjustment characteristics, including metabolic ones, to the natural environmental conditions in which the snails have been living for many generations. This should translate into a higher probability that the values obtained from field-collected snails would be closer to the "real" hemolymph parameters in the snail natural population than would results obtained from laboratory-cultured snails.
